[1] Streamflow from Arctic river basins has been increasing in recent decades in response to warming climate. In addition to being a sensitive indicator of global change, Arctic discharge is a critical component of the freshwater budget of the Arctic Ocean, where increasing freshwater flows may slow rates of North Atlantic Deep Water formation and heat transport by the thermohaline circulation. However, quantifying rates of freshwater discharge from the entire Pan-Arctic drainage has been troublesome using traditional stream gauging methods. Here we use satellite measurements of variations in continental water storage from the GRACE mission to present first estimates of monthly freshwater discharge from the entire Pan-Arctic for the period 2003 -2005. Results show that rates of Pan-Arctic discharge for this time period (3588 ± 257 km 3 yr
Introduction
[2] Recently reported changes in the hydrologic regime of the Arctic, including decreasing snow cover, mountain glaciers, permafrost extent and lake area [Smith et al., 2005; Alley et al., 2007] , have heightened interest in the terrestrial water cycle of this climatically-sensitive region. These changes may be amplified through increased greenhouse gas emissions associated with increasing active layer thickness and permafrost degradation [Lawrence and Slater, 2005; Zhang et al., 2005] . As net precipitation increases and the region thaws in response to progressively warming climate, observed increases in freshwater discharge to the Arctic Ocean [Peterson et al., 2002; Meier and Carter, 2006; McClelland et al., 2006] may have important consequences for North Atlantic Deep Water formation and heat transport by the thermohaline circulation [e.g., Stocker and Raible, 2005] . Beyond its implications for ocean circulation, Arctic freshwater discharge accounts for 11% of the total global runoff flux [Shiklomanov et al., 2000] . Hence monitoring and understanding variations in Arctic freshwater discharge is essential in order to fully characterize its role in the global water cycle.
[3] In spite of its importance, estimates of freshwater discharge from the Pan-Arctic drainage region (Figure 1 ) vary considerably ( Table 1) . Much of the variation can be attributed to problems associated with the three major discharge estimation methods. Some of the estimates in Table 1 are derived from all available, but an incomplete set of measurements [e.g., McClelland et al., 2006] , some are based purely on model simulations [e.g., Oki, 1999] and still others are derived from the synergistic use of modeled and observed streamflow [e.g., Fekete et al., 2002] .
[4] Unfortunately, characterizing freshwater discharge into the Arctic Ocean is not as simple as analyzing in situ stream gauge measurements. First, some 30-40% of the Pan-Arctic drainage area is ungauged [Shiklomanov et al., 2000] . Second, even when gauges are present, a significant volume of discharge may bypass measurement stations as flow in braided channels, inundated floodplain [Alsdorf and Lettenmaier, 2003] or as submarine groundwater seepage. Furthermore, freezing of rivers and subsequent flooding due to river-ice break up during late spring impose additional hindrances to monitoring river discharge at high latitudes [Grabs et al., 2000] . Finally, acquiring all Arctic discharge data in near-real time is complicated by varying international standards for data collection and policies for information sharing.
[5] Despite major advances in land surface models, many remain deficient in representing hydrologic processes in regions with perennial-to-intermittent frozen ground, and often overestimate even basin-scale outflows [e.g., Prowse and Flegg, 2000] . In addition to gauge-and model-driven uncertainties in Pan-Arctic discharge estimates, the definition of the geographic extent of the region also varies and explains in part the range of values in Table 1 .
[6] Given the shortage of streamflow measurements in the region, all of the above methods are valid, but lead to high uncertainty and the large range of estimates shown in Table 1 . New methods are therefore required to characterize freshwater discharge from the Pan-Arctic drainage region into the Arctic Ocean.
[7] Recently, Syed et al. [2005] used Gravity Recovery and Climate Experiment (GRACE) [Tapley et al., 2004] satellite-based estimates of terrestrial water storage changes and atmospheric reanalysis data in a combined landatmosphere water balance to estimate freshwater discharge from the Amazon and Mississippi river basins. Results were promising and suggested that application to larger regions such as the Pan-Arctic, which typically include a significant amount of ungauged area, would be feasible.
[8] Here we present contemporary (2003 -2005) estimates of monthly freshwater discharge from four of the largest Arctic river basins and from the entire Pan-Arctic drainage region (Figure 1 ). The key contributions of this work are that our estimates represent total basin discharge [Syed et al., 2005] (both surface and groundwater) from the entire river basin or drainage region (including ungauged areas). The estimated discharge directly reflects changes in land water storage (before GRACE, terrestrial water storage changes were typically assumed equal to zero on annual time scales), and the estimates can be made in near-real time. To our knowledge, the method presented here may be the only currently viable approach for estimating monthly freshwater discharge from the entire Pan-Arctic region without the need for land surface modeling or scaling of stream gauge measurements to account for insufficient spatial coverage.
Data and Methods
[9] GRACE provides highly accurate maps of Earth's gravity field at monthly intervals over spatial scales of several hundred kilometers and larger. Time variations of Earth's gravity field, obtained by differencing monthly GRACE solutions, can be effectively used to infer global redistribution of water mass [Tapley et al., 2004] . Over land, this time-varying component of Earth's gravity field is dominated by mass change signals related to land surface hydrology [Wahr et al., 2004] . Note that GRACE provides a column-integrated measure of water mass change and, therefore, cannot differentiate amongst mass change signals above and below the surface.
[10] We used 24 consecutive months of GRACE data, using different releases (RL), i.e. processing standards, from the three science data centers, Center for Space Research RL01, Geo Forschungs Zentrum RL03 and Jet Propulsion Laboratory RL02, over the period of March 2003 to November 2005 [http://gracetellus.jpl.nasa.gov/month_mass.html]. In this work we take an average of the three data sets in order to obtain a robust estimate of terrestrial water storage changes [Chambers, 2006] . [11] The land-atmosphere water balance is given by
where R is total basin discharge and @S @t is the change in terrestrial water storage obtained from GRACE. The @W @t and div Q terms are the precipitable water tendency and horizontal divergence of atmospheric moisture content computed from reanalyses. Note that (À @W @t À div Q) is equivalent to precipitation (P) minus evapotranspiration (E) in the terrestrial water balance.
[12] Reanalysis data sets used in this study are from the National Centers for Environmental Prediction/National Center for Atmospheric Research (NRA) [Kalnay et al., 1996] and the European Centre for Medium-Range Weather Forecasts operational forecast analysis (ERA) (http:// www.ecmwf.int/research/ifsdocs/CY25r1/index.html). The limitations of reanalyses [Cullather et al., 2000] notwithstanding, the (À @W @t À div Q) term is an extensively used alternative to P-E in regional and global water balance studies [e.g., Dai and Trenberth, 2002; Serreze et al., 2003] owing to the assimilation of observed wind, temperature and humidity profiles. The availability of additional meteorological data from the dense rawinsonde network makes the assimilation even more effective in the Pan-Arctic region [Serreze et al., 2003] . In contrast, observed precipitation in the Arctic often contains large errors [Yang et al., 2001] , and observations of evapotranspiration are significantly lacking.
[13] We obtain monthly estimates of total basin discharge by solving (1) using the data sets described above. Daily ERA and NRA data were aggregated to monthly values for consistency with the GRACE data, as outlined by Syed et al. [2005] . Uncertainties in the monthly discharge estimates are computed by error propagation through equation (1) at the 95% confidence level [Syed et al., 2005] . Errors in GRACEderived storage changes are estimated using a least squares fit, consisting of annual, semiannual and linear terms, to monthly estimates of basin-averaged water storage. The Root Mean Square (RMS) of the residuals from the least squares fit is then used as a conservative estimate of the upper bound of error in water storage change estimates observed by GRACE [Wahr et al., 2006] . We assume a value of 10% for the accuracy of divQ and @W @t because no published estimates are available. The actual errors may in reality be higher and would yield larger discharge errors than those shown in Table 1 . The difference between the atmospheric moisture terms in the NRA and ERA can also serve as a measure of their uncertainty [Rodell and Famiglietti, 1999] .
Results
[14] Monthly estimates of total basin discharge and observed streamflow, along with their fitted seasonal cycles, are shown in Figure 2 for the Lena, Ob, Yenisei and Mackenzie river basins. Before computing the discharge time series shown in Figure 2 , GRACE-derived storage changes were first compared to those estimated from a landatmosphere water balance, with good results. See auxiliary material for additional details.
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[15] In general, temporal variations of the fitted seasonal cycles of total basin discharge estimates are in very good agreement (R > 0.8, p < 0.001) with those of observed streamflow. Large overestimates of total basin discharge are noted in the Ob basin. Here, in contrast to the other three river basins, significantly less permafrost extent ($4% -10% of the drainage area), an appreciably greater number of snow-free days and the highest percentage of wetland cover result in relatively higher ET rates ($74% of annual precipitation) [Serreze et al., 2003] which are poorly captured by ERA and NRA.
[16] While estimated and observed peak flows are similar in magnitude in all basins, estimated winter low flows are consistently higher than those observed in the streamflow record. This unconformity is best explained by the fact that estimated total basin discharge, as previously discussed, encapsulates all forms of water mass losses, including all of gauged and ungauged discharge. Additionally, observed low flows during winter are far more prone to measurement errors relative to peak flows, due to ice jams and river freeze-up, with potential errors ranging between $15% and $30% [Grabs et al., 2000; Serreze et al., 2003] .
[17] Results from the comparisons shown above give sufficient confidence in the methodology such that we apply it to estimate total basin discharge for the entire Pan-Arctic drainage area. Monthly estimates of Pan-Arctic (Figure 1 ) total basin discharge are shown in Figure 3 . Both the estimates of freshwater discharge are in general agreement with each other. However, peak flows of the fitted seasonal cycles for NRA-based discharge (mean = 310.87 km 3 month À1 ) are larger in magnitude when compared to ERA-based estimates (mean = 287.15 km 3 month À1 ), primarily due to intermodel differences in the reanalysis moisture divergence and precipitable water tendencies.
[18] We compare our annual estimates of total basin discharge into the Arctic Ocean with those of several previous studies shown in (NRA-based). Our estimates are in the mid-range of those reported, and our errors are consistent with the $10%-20% error in gauge measurements [Fekete et al., 2002] .
[19] We previously noted variations in estimation methods and the definition of contributing drainage area, both of which will significantly affect Pan-Arctic discharge rates. In order to perform a more direct comparison of our Pan-Arctic discharge estimates with those shown in Table 1 , we concentrate only on the observation-based estimates. We make no attempt here to perform a more detailed comparison with model-based, or combined model/observation-based Pan-Arctic discharge estimates. For the purposes of this study, we characterize our estimates as primarily observation based. Although the atmospheric moisture terms in (1) are derived from reanalysis, recall that the numerical weather prediction models used here assimilate observed profiles of wind, temperature and humidity.
[20] Because observation-based studies differ significantly in their contributing land areas, direct comparison of our estimates with those listed in Table 1 . Fitted seasonal cycles of estimated total basin discharge using ERA (solid grey line) and NRA (broken grey line) and of observed streamflow (solid black line). Monthly estimates of total basin discharge using ERA (sphere) and NRA (triangle) with errors. records from missing gauges. Lammers et al. [2001] considered a significantly larger contributing area than the other studies shown in the table. Prowse and Flegg [2000] included flows from Northern Greenland, while ignoring contributions from the Arctic Archipelago.
[21] Additionally, the majority of the previous studies only reported mean-annual discharge estimates averaged over long time periods. Without a reported long-term trend, projection forward in time for further comparison with our 2003 -2005 estimates is not feasible. Only McClelland et al. [2006] give the most recent, fully gauge-based estimate of Pan-Arctic discharge and its long-term trend, but only representing 74% and 85% of the Eurasian and N. American discharge into the Arctic Ocean.
[ greater). This comparison suggests that contemporary Pan-Arctic discharge continues to increase, and is greater than that estimated by the extrapolation of gauged streamflow. This is consistent with observed and modeled changes in the cryosphere [Lawrence and Slater, 2005; Alley et al., 2007] , the natural result of which is increasing drainage from the continents.
Discussion
[23] The significant deviation of our estimates from the linear extrapolation of the McClelland et al. [2006] estimate (the deviations are similar in magnitude to recent reports of mass loss from the Antarctic [Velicogna and Wahr, 2006a] and Greenland [Velicogna and Wahr, 2006b] ice sheets) points to either one of two possibilities. First, the trend in total basin discharge may be similar to that of observed streamflow, but the magnitude of the annual total basin discharge is larger than could be anticipated from simply scaling streamflow estimates to account for ungauged regions. Alternatively, freshwater drainage from the PanArctic may in fact be accelerating in response to Arctic thawing and other changes in high latitude hydrology.
[24] Monitoring accelerations of the Arctic hydrologic cycle is particularly challenging given the questionable accuracy of precipitation measurements in the region and the difficulties in comprehensively measuring freshwater discharge as discussed earlier. The Pan-Arctic discharge estimates presented here provide a direct measure of hydrologic response to anthropogenic global warming in a more spatially-and temporally-comprehensive way than has been previously possible. While GRACE-based estimates of total basin discharge will not provide insight into the lateral distribution of terrestrial surface waters such as that from a hydrology-specific altimetry mission [Alsdorf and Lettenmaier, 2003 ], they will provide important information about large-scale freshwater discharge fluxes at monthly and longer time intervals.
